Navigating a healthcare facility can prove challenging to both new and existing patients and visitors. Poor or ineffective use of signage within the facility may enhance navigational difficulties. Signage strategies within facility design tend to be produced without consideration of how people typically navigate a space. Thus, strategies that 'work on paper' may not, in reality, aid or optimize patient and visitor wayfinding. Existing strategies for determining signage placement may also prove costly in terms of time spent on manual analysis of a facility's floor space, including the potential for overlooking prime signage locations when analysing large floor plans. This paper presents a tool which aims to aid signage placement strategies by analysing facility design and routes within it, based on natural wayfinding metrics found in existing literature. The tool is designed to enable quick analysis of large designs for analysing multiple routes, highlighting areas where signage placement would aid natural wayfinding. The outputs of the tool are presented as a colour map which overlays the original 3D model design, highlighting the key areas where signage may be appropriate. An example of how the tool can be utilised to aid effective sign strategy is demonstrated on a small healthcare facility design.
Introduction
Wayfinding as a concept of space legibility originated in 1960 1 and has since grown into a large body of research for navigation around urban settings, 2,3 airports, 4 shopping centres 5 and hospitals. 6, 7 The act of wayfinding is typically divided into three categories -recreational, resolute and emergency. 4 In healthcare environments, wayfinding is typically resolute or emergency, whereby patients or visitors are aiming to reach their destination as quickly as possible, either for an appointment, visiting a patient in a ward, or finding the emergency department. Hospitals can be difficult places to navigate with a lack of visual cues provided by the built environment available; 5, 8 however, environmental clues can be added in the form of architectural differentiation, maps or signage.
Corridors within healthcare environments link together to form a complex network connecting various aspects of the hospital. There can be little to differentiate between two corridors, causing confusion and frustration among those attempting to navigate them. 9 One strategy to aid wayfinding involves 'zoning' sections of the hospital, by assigning each department with their own colour and then painting the confines of that department in that colour. This can have an added benefit of making areas attractive and can be used to send patients down paths of the designer's choosing. [10] [11] [12] [13] However, this conflicts with other studies which suggest colours should be kept in neutral or calming tones, such as blue or green, to decrease stress in patients and reduce the chance of delirious episodes caused by abstract colour schemes. 14, 15 Signs and maps are commonly used to aid navigation, though maps are considered to be less effective compared with signage. 4, 8, [16] [17] [18] Maps can be misinterpreted and can cause further disorientation, rather than aiding the traveller in working out a route to follow. In particular, 'You Are Here' (YAH) maps can prove the most difficult to understand depending on their orientation. For example, if a YAH map is orientated to follow the compass points (i.e. the top of the map corresponds to the north of the building) but the traveller is facing south, the map is effectively upside down and the map may be misread, with one in three people going the wrong way after consulting a YAH map. 4, 19 Maps on their own are used effectively by travellers; however, when signage is available, map usage was found to drop by nearly two-thirds. 18 This suggests that signage can therefore be a more effective addition to the environment to aid wayfinding, without causing potential health issues associated with a colour-zoned building and avoiding maps which may disorientate the patient further. Provided the signage is transferring information which is useful to the traveller, journey times can be reduced when compared with those which rely on maps. 17 There are many recommendations and guidelines in the literature on how to make effective use of signage to aid wayfinding within healthcare environments. Signs should be placed in areas where patients will need them, such as decision points (for example, corridor intersections or atriums). They also need to be easy to understand, while the patient is resolutely moving to their destination. 5, 7, 8, [19] [20] [21] [22] However, arguments have been made against signage, suggesting that it should be used sparingly as a last resort to aid wayfinding and containing only the necessary information required to aid the traveller. 23 Thus, while good signage is important, it is vital to ensure it contains only essential information to aid the traveller in their journey. A study of library signage found that travellers in areas which have high connectivity, good visibility and a low complexity in the layout could be hindered by misleading signs and end up going in the wrong direction for their destination. 24 Therefore, signage usage and placement needs to be carefully considered to avoid further confusing travellers. 23 A set of guidelines and best practices emerging through research and consultancy has resulted from differing opinions and views on what constitutes good signage. These are aimed at guiding designers on the best placement and use of signage for both use generally and within healthcare environments in the National Health Service (NHS). 16, [25] [26] [27] [28] [29] However, beyond highlevel recommendations that signage placement 'is suitable for all users', 'consistent' 16 and 'not obscured or surrounded by clutter', 26 there is little available in the way of design tools to aid architects and engineers in effective signage placement. It has been suggested that building designers need to survey a space exhaustively so as to become familiar with the layout in order to develop a signage placement strategy. 28 Designers will typically mark up the spatial design with where signage should be placed borne from their experience in signage consultancy or identifying decision points (critical locations for signage) along pathways between the arrival and departure points of the space. 7, 8, 28 Thus, it was the aim of this research to develop a tool that could be used by architects and engineers, especially those working on healthcare designs, to inform and recommend effective signage placement strategies based on available knowledge of how humans navigate spaces. This approach has also added further analysis of signage placement, beyond placement at decision points, to include areas where travellers' natural wayfinding may deviate from the necessary path. The tool is intended to complement designers in understanding a layout and streamlining the signage placement design process in order to develop effective signage placement strategies. This paper details the methodology, development and academic evaluation of the tool developed to aid signage recommendation studies with the introduction of computational analysis.
Tool development
It has been shown in a variety of studies that people prefer to travel down a path that expends the least amount of energy or physical effort. 2, 17, [30] [31] [32] [33] The primarily ideal path people will aim to utilise is contested in the literature, however, between various path types, such as the shortest in regards to the distance travelled [31] [32] [33] or the straightest path of least angular change. 32 It has also been argued that the ideal path may be the one of least complexity, where the presence of hills, heavy traffic or other impediments in outdoor navigation may render a longer path to be preferred over the shortest. 2 Similarly, it has been found that individual differences between people, such as gender, or spatial awareness, may impact on the wayfinding ability of a person and result in different path types being preferred, such as the path which infers the greatest feeling of safety in the traveller, or one which is most familiar, preferred over the shortest. 2, 19 Knowing how people navigate through unfamiliar spaces is key to determining their likely path if left without signage in an unfamiliar healthcare environment.
Of the three common types of wayfinding, it is unlikely that people would navigate a hospital for recreational gain. Wayfinding in this category is typically undertaken by tourists on an urban scale, where they might venture around a city and are open to detours and distractions where interesting sights or activities may be found. However, in healthcare settings, it is more likely that travellers are wayfinding in the resolute or emergency categories. Wayfinding in the resolute category is typically done when there is a fixed destination and a time to arrive by, such as a patient attending an outpatient appointment. Wayfinding in the emergency category is typically done when there is a shortage of time to reach the destination.
As a traveller moves throughout a space, be that an urban setting or an internal building such as a hospital or an airport, the mode in which the traveller wayfinds may evolve during the journey. It may begin in a resolute mode when the patient moves towards their designated department, which in turn may evolve into the emergency category as the appointment time gets closer.
It is therefore apparent that the ideal path when navigating healthcare environments is one which allows the patient to get to their destination in the shortest time. However, when navigating an unfamiliar location, it is unlikely that a patient would have such knowledge of the facility to be able to work out the shortest route without guidance. When faced with navigating unfamiliar locations, travellers rely on their natural wayfinding skills to find their way around. These skills, typically learnt as children, 34, 35 vary from person to person depending on their gender, background and spatial awareness. 19 The natural skill of wayfinding is made up of a four step process: orientation; route selection; route control (constant confirmation that the traveller is following their selected route) and recognition of the destination. 8, 36 Route selection can be influenced and aided by a number of interventions, including signage, maps and previous experience of the space. However, if these do not exist, route selection may comprise a step-bystep process using clues from the environment or by following a natural path.
The natural path may be a combination of several spatial navigation techniques and will serve to satisfy the traveller's other psychological needs, such as the need to not feel lost. 37 This can include a natural decision on which way to turn when faced with a TJunction. Without intervention from the environment, it has been suggested that travellers will turn to the right at a T-Junction; however, it has been argued that driving habits may influence a traveller's decision to turn left or right at a T-Junction. 38, 39 Other common natural paths include the path with the least angular deviation (i.e. keeping on a straight path), 2, 30, 37, 40 or the path of least complexity (i.e. least number of turns, avoiding backtracking, or least number of decisions). 35, 37, [41] [42] [43] Other natural path choices may include the widest option (i.e. following a wider corridor round rather than keeping to the straightest path) 38 or the most visibly accessible option. 5, 7, 44 Other metrics which are used to measure a spatial layout's ability to aid natural wayfinding and natural path-taking include those measuring spatial connectivity and centrality; 40, 42, [44] [45] [46] however, these measure the space or network graph as a whole. For example, the measure of betweenness centrality 46, 47 identifies how central a node in a network graph is, based on how often is it traversed in the shortest paths connecting other nodes. This requires knowledge of the graph as a whole, including all of the shortest paths between nodes and how often that particular node is traversed in those paths. However, when travelling through a space for the first time, humans are unable to know how well connected the next node is based on these metrics. As such, these analysis metrics may not be best suited for the analysis of signage placement within a healthcare facility.
Rather, it may be best to compare the ideal path against the natural path and isolate the areas along the ideal path where the natural path is different. A tool which can analyse several routes, comparing the ideal path to the natural path(s), allows designers, architects and signage consultants to develop effective signage strategies efficiently. Comparing the ideal path to the natural path(s) allows for signage strategies that directly align with a patient's travelling path, aiding the patient in reaching their destination effectively. Figure 1 displays the typical process a designer might take using this tool. Routes' start and end points are identified by the designer, from which the tool calculates the ideal path for each route. The decision points along each route are identified by analysing the number of direct connections to other nodes. Following this, an analysis against the natural path may be conducted. The natural paths selected for inclusion in the tool following a review of the literature are shown in Table 1 .
Analysing a space
The analysis between the natural path and the ideal path is conducted on a spatial drawing that may be typically provided by architects during a building's design or assessment of an existing facility. The tool divides the spatial design into a collection of nodes using a combination of Voronoi diagram techniques and graph theory. A Voronoi diagram divides a given space into a number of regions from a given number of points (seeds), with each region containing all of the points in the space which are closer to one seed than to another. 48 Graph theory is then used to connect these regions by their centre points to produce a 1D navigational network graph of the space. An example of this space division technique is used in the people flow simulator, SmartMove, 49, 50 which uses the points denoting the wall edges in the drawing to begin the Voronoi technique. These nodes contain links to each other generating a 1D network but are still contained within the building model, allowing spatial information such as connection widths and distances to be accurately maintained for analysis. These links to the building model allow the network to retain both 2D information of the space and 3D information, primarily where connections between the Z dimensions occur (such as stairs), allowing for the analysis of paths that traverse multiple floors of a hospital.
The ideal (shortest) path between two given points is calculated using the A* search algorithm and stored as a collection of the nodes which the ideal path traverses, in the order it traverses them. Following this calculation, the tool begins to calculate what the natural path is and where this deviates from the ideal path. This is achieved with the assumption that the traveller has knowledge of their immediate next step (i.e. they begin on node one and they know how to move to node two initially). This assumption is made to provide an initial direction of travel. From there, the chosen metric is applied to identify what the next node is in the natural path. This node is compared with the next node in the ideal path and if the two nodes are different, the current node is given a flag to indicate that, at that position, it is possible for the natural path to deviate from the preferred and so some intervention may be of use here to guide the traveller down the ideal path. The node which conforms to the natural path is also given a flag to highlight which way the natural path might draw the traveller. If the two nodes are the same, then no flag is applied to either node and the tool moves on to calculating the next node.
The pseudo code in Algorithm 1 shows the principle of how nodes are calculated as needing signage or not, while the pseudo code in Algorithm 2 shows the principle of how the next node is calculated during the analysis of the natural path. If (thisMeasure < masterMeasure AND n! ¼ prevNode) Figure 1 . Flowchart of using the research tool. returnNode.Add(n) 10. 11. return returnNode Each metric calculates the cost of each of the connected node's neighbouring nodes to find the one which conforms greatest to the natural path. The cost is calculated so that the most favourable node will have the lowest cost, and it is the most favourable node which is checked against the next node in the ideal path.
Analysis algorithms
The algorithms which were implemented in measuring the natural path were adopted from metrics found in literature, or implemented in other spatial analysis tools where the algorithms have undergone a peer review process or been adopted by a variety of tools in industry and academia. For the purpose of clarity, the implementation of each analysis metric is provided here.
Decision points
The decision points algorithm analyses the ideal path and highlights where travellers may encounter confusion along this path based on the complexity. The algorithm counts the total number of connected nodes to the current node, with a higher number of connected neighbours representing a higher complexity.
Research has shown that travellers wish to avoid a path which requires them to backtrack. 23, 41 To account for this, the algorithm removes one choice from the complexity measure calculated at each node, to remove the choice of backtracking. This is demonstrated in Figure 2 . Therefore, a node with only two connected neighbours will be given a complexity rating of one, identifying the node as having low complexity, whereas a node with five connected neighbours will be given a complexity rating of four, thus identifying a significantly more complex node for the traveller.
Natural path type 1 -Visual accessibility
Visual accessibility analyses the path with the greatest visibility from the current node. A visible neighbour is defined as any node which the node being analysed has line of sight to, without being impeded by spatial obstacles such as walls or columns, as defined in the geometric spatial design. Of the visible neighbours for a connected node, only those which are also visible from the current node are included in the visual accessibility score for that connected node. For example, if a connected node has line of sight to five other nodes, but only two of them are also visible from the current node, then the visual accessibility score is two which represents the number of visually accessible nodes from the node where the traveller is currently stood, as demonstrated in Figure 3 .
Previous research has found that a greater number of visible neighbours assists spatial orientation and wayfinding in travellers, 24 so a node with good visibility may be favoured over others. As such, the visual accessibility analysis looks at the connected node's visibility score and returns the node with the highest visibility. This highlights where travellers may be drawn to areas with higher visibility and away from the ideal path.
Natural path type 2 -Straightest path calculations
The algorithm for calculating the straightest natural path is performed by calculating the angle of deviation between the straight line path travelling from the previous node to the current node, and the path taken from the current node to the next node, as demonstrated in Figure 4 . The node with the smallest deviation from the straight line is considered to be the most favourable.
Natural path type 3 -Width
Width analysis is based on the principle that travellers have a preference for the widest route option available. The analysis compares the spatial dimensions of connected nodes (not including the previous node) to find the node with the widest connection, demonstrated in Figure 5 . This node is returned as the most favourable node for the natural path.
Nodes of equal choice
It may be possible for the analysis metrics to identify two nodes of equal favourability for the natural path. An example of this may be a T-junction, where both options have a 90
angle of deviation, meaning either one may be chosen on the natural path. Where this occurs, the tool shows this as an area where an intervention may be beneficial. This is done regardless of whether one of the favourable nodes includes the next node in the ideal path, as there is still the potential for travellers to take the wrong path without intervention.
Visualisation of results
Visualisation plays an important role in the ability to disseminate information between architects, engineers and clients. If the results of the analysis cannot be successfully communicated to stakeholders then they will be unable to act upon the information generated by the tool. This may result in poor signage strategies due to misinterpreted results or confusion over the output and its meaning. Therefore, careful consideration should be given to which visualisation technique makes the most sense to the end-user and associated audiences.
The key output of the analysis tool is a set of recommendations on where a designer should consider signage placement for the maximum benefit of a traveller (e.g. patient, visitor, etc.). The visualisation output of this tool is designed to show the analysis results in a colour scale ranging from good (areas where intervention is not required) to bad (areas where intervention is required, i.e. areas where travellers start to deviate from the ideal path). Areas where the natural path continues away from the ideal path are shown in a middle colour on the scale -this provides consultants and engineers with knowledge of the natural direction travellers may be drawn towards and may aid in the orientation of signage. Figure 6 shows the visualisation overlaid onto a CAD drawing that may be typically used by architects or engineers. The output shows the result of the analysis for the chosen metric (in this example, the straightest path metric) and highlights where signage would be required to guide users onto the ideal path. Areas highlighted in red are areas where travellers would deviate if they were navigating based on the natural (straightest) path. Signage would therefore be recommended at these points to guide travellers in the correct direction to their destination (point B) on the ideal (shortest) path.
Tool verification
Testing of the tool was conducted on a healthcare model from a recent industrial project. This model was a stand-alone pharmacy department (see Figure 7 ).
Each algorithm was tested on the model and compared the outputs with those from manual analysis. For the route definition, two points were chosen in the model and the same route was used for each algorithm test. The first point in the route was placed in the entrance area, while the second point was placed towards the rear of the department.
Verification of the tool came from a comparison of manual analysis of the model, performed as if producing a real signage strategy, with the analysis results of the tool. This included measuring the spatial dimensions of the model to ensure these were being taken into account by the tool. The results of this testing are summarised here. For the purposes of this discussion, Model-P is the name given to the test model. Figures 8 to 15 show the results of these tests.
Discussion
The implementation of these algorithms provides a tool for quick signage recommendation analysis in healthcare facilities. The tool can be easily used by architects, engineers, consultants, and planners to analyse a spatial design and produce a signage strategy that aims to keep patients and visitors on the ideal path to their destinations. Figure 16 shows the use of the straightest path metric being used on a larger hospital model on two routes. This analysed the shortest route between point A and point B, and between point A and point C. This highlights in red the areas where signage would be best placed to direct travellers to their destination on the ideal path. Figure 17 shows the tool being used to analyse the route between point A and point B, using the straightest path metric, across multiple floors. On the decisions metric, a change in vertical elevation would be considered by the tool to be an additional decision and this would be highlighted to the engineer as such.
However, the tool should not be used by a user who possesses no wayfinding and signage experience to produce signage strategies, though it may be used as a training tool for those with no experience. Rather, it should be used as a guidance and recommendation tool combined with experience to make a good decision for the needs of the building. The signage recommendation analysis tool provides an analysis of the building being designed and the routes which people may make. This may typically be between the entrance areas and specific hospital departments. These routes are analysed with the aim of keeping the patient on the ideal path and highlights where the natural path (without intervention) may deviate from the ideal path. The ability of this tool to analyse multiple routes without the need of an engineer exhaustively surveying the space and performing the analysis manually is of great benefit to how signage strategies are produced. The tool can be set up with relative ease, perform the analysis, and produce the output for the engineer to examine. This approach enables an efficient signage strategy creation by automating the analysis tasks and allowing a computer to perform them relatively quickly, while retaining the use of human judgement and expertise for the final strategy. The final decision on the placement of signage should always be made by an experienced engineer or consultant, who may know more of the space use than is provided to the tool by the CAD drawing. Additional benefits of this tool can be seen where the building design may be in a state of flux. With manual analysis, an engineer may have to reanalyse an entire model to produce a new signage strategy. Using this tool, the engineer need only update the model and the tool will produce new recommendations in a more time efficient manner.
The benefits of this tool can be seen on large scale plans where manually analysing the space could take a long time, and the possibility exists that an area of the floor plan may be missed through human error. By providing analysis results in an eye-catching warning colour, the engineer/consultant can produce a signage strategy based on these recommendations efficiently.
Limitations
In the implementation of the tool provided by this research, signage recommendation analysis is performed on one metric at a time as selected by the modeller. If the modeller wishes to analyse a design based on multiple metrics, then the modeller would need to run each analysis separately and then interpret between the outputs for the most optimal signage strategy. This is a deliberate design decision, owing to the lack of literature specifying how the metrics could be meaningfully combined and weighted (i.e. there is little knowledge on how humans navigate on the straightest path and most visually accessible path combined and which factor would take precedence is unknown). If further research was to be conducted and a meaningful hierarchy for multiple metrics established, the tool presented in this paper could be extended to accommodate this.
At present, the tool analyses the ideal path (the shortest path between two given points) against the chosen metric to produce the signage recommendation. However, there are other path types which may constitute the ideal path in addition to the shortest depending on the type of wayfinding a traveller is undertaking. In this research, the shortest path was used as the ideal path because it best matched with the resolute or emergency types of wayfinding typically found in hospitals. Further development of this tool may find it appropriate to include other path types for the ideal path for using the tool on projects in other sectors.
Some research has suggested that, when faced with an equal choice, travellers will opt to turn right. 38, 39 This could be implemented within a signage recommendation tool, however, it is simpler, and more robust, to highlight areas with multiple choices of equal weighting as an area for potential confusion and offer the recommendation that signage be placed there to counter this, as this tool does.
There may be other metrics which could also be included within the analysis functionality of this tool, such as those found within spatial network topology theory. 40, 42, 44, 45 There are measures of spatial connectivity and centrality which have not been included in this tool that could have a place within the functionality at a later stage. The option not to include these additional metrics and spatial analysis in this signage recommendation tool was based on how travellers actively choose to navigate through a space. For example, some of the centrality metrics work based on knowledge of an entire model. However, when travelling through a space for the first time, humans are unlikely to know how central a certain area is compared with another. If further research offered tangible evidence that humans do navigate using these metrics (either consciously or subconsciously) then the tool could be extended accordingly to include them.
Guidelines for signage placement recommend that the distance between signage in corridors should not exceed 30 meters. 16 Repeater signs are used to give travellers confirmation they are still heading in the correct direction. This particular signage recommendation factor is not currently implemented within the tool, as confidence in a route is not a factor which is considered. However, future research and development of the tool may see fit to include this measure to provide further signage recommendation strategies.
Finally, the tool presented here is used as a 'static' analysis tool, used on designs and drawings prior to construction or renovation. As such, the tool does not take into account the impact of crowd movements or other pedestrian flows on the path travellers may take when moving through a hospital. However, the tool could be adapted to take these into account in further research, allowing for signage recommendations to be made based on the natural path taking into account the impact of other traveller movements.
Conclusion
This research has developed a tool to aid signage placement. This tool allows engineers, architects and healthcare planners to analyse multiple routes through a spatial design and produce an optimal signage strategy based on keeping patients and visitors on the ideal path. This is achieved by analysing the natural path and highlighting where the natural path is likely to deviate from the ideal path. The tool combines the benefits of computational working -quick processing and analysis -with the benefits of human judgement and expertise. This tool can be used to analyse multiple routes across any spatial design efficiently and without missing routes, saving an engineering team from having to exhaustively study the design manually.
At the time of writing up this research, the tool has begun to enter parallel implementation within an industrial company, being used in combination with existing manual methods to analyse wayfinding and signage issues. Early anecdotal evidence from willing adopters suggests the tool is beneficial to the workings of the users, however, use is still in its infancy. Once the tool has been used for a period of time, to allow users to get used to working with it and to account for any potential 'honeymoon effect' caused by the introduction of the tool, a full evaluation study would be beneficial to understand whether the tool is having the predicted benefits on signage recommendation workflow. It is hoped that this tool will aid signage strategists to produce effective signage placement strategies efficiently, allowing more time to be spent on refining the signage itself, or refining other aspects of the healthcare design project.
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